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Abstract 
Following the demonstration of the applicability of well test analysis techniques to the analysis of clinical blood pressure and 
rate data from the human body, the investigation of this technique is extended to data taken from patients with known 
cardiovascular diseases diagnosed through current medical technologies. The two cardiovascular diseases tested were coronary 
stenosis and aortic stenosis with the aim of establishing if characteristic signature derivative patterns specific to each disorder 
could be observed. 
The approach to convert clinical data to data suitable for well test analysis is that used in a thesis of the same title from a 
previous year. Deconvolution of the entire pressure history produced signature patterns from both diseases which differed from 
normal conditions. However, the resulting patterns could not be matched with existing well test interpretation models therefore 
calculation of the parameters describing the diseases could not be made. Analyses of unit rate pressures and pressure 
derivatives resulting from deconvolution were also carried out. The corresponding signatures are similar to the ones from a 
vertical oil well with wellbore storage and skin, with a constant pressure boundary for aortic stenosis, and of infinite lateral 
extent for coronary stenosis. Parameters derived from these interpretation models, however, could not be correlated to the 
clinical assessment of the severity of the diseases. 
In conclusion, results from the present investigation showed the possibility for well test analysis to distinguish diseases, but the 
resulting signatures could not be matched with existing well test analysis models. The main difference between the 
cardiovascular system and an oil well is the recirculation of blood in the cardiovascular system. There is therefore a need to 
develop new interpretation models, possibly by modeling individual arteries and veins, and taking into account the 
haemodynamic effects from the distensibility of the vessels as well as branching effects. 
 
Introduction  
Well test analysis with deconvolution is a breakthrough technique in the petroleum industry used to assess well conditions 
and to obtain reservoir parameters from transient measurements of bottomhole pressure and surface production rates. 
Pioneer research into the applicability of well test analysis of blood pressure was proposed based on the observation of 
analogy between the systolic and diastolic blood pressure to the build up and drawdown pressure tests in an oil well. The 
integration of the outcomes from Sargaskayev (2009), Channa (2010) and Glebova (2011) shows that large arteries such as the 
aorta demonstrates the behaviour of a vertical oil well in a homogenous reservoir with a constant pressure boundary from the 
well test analysis of healthy blood pressure and rate data. The latest work by Glebova in 2011 had constructed what appears to 
be an appropriate methodology to convert clinical blood pressure and rate data to yield practical wellbore storage coefficient 
ranges from the model interpretation, which corresponded to reasonable blood volumes. The permeability and skin factors 
however were inconclusive and possess large uncertainties. 
The objective for the current research is to ascertain the potential of this method to produce signature derivative patterns 
when applied to pressure and rate data from people with known cardiovascular diseases. Cardiovascular disease (CVD) is the 
leading cause of death globally according to the World Health Organisation report in their latest report. It is responsible for 
17.3 million mortalities, of which 7.3 million are caused by coronary heart disease alone. A predicted number of 23.6 million 
deaths are expected to occur by 2030 (WHO, 2012). Researches to increase the understanding of cardiovascular diseases are 
continually explored because if different causes for the same disease symptoms can be distinguished, prevention or treatment 
of the diseases could be further refined thus lowering the risk of morbidity and mortality. The ambition of this research is that it 
could be the beginning of a new diagnosis method for cardiovascular diseases. Two causes for CVD investigated in this thesis 
are aortic stenosis and coronary stenosis, where stenosis means narrowing of the blood vessel.  
 
  
Imperial College 
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Cardiovascular system 
 
Main circulation 
There is approximately 4.5 – 5.5 L of total blood volume which is constantly in circulation throughout the whole body 
through two types of circulation: the systemic circulation and pulmonary circulation (Fig. 1). The heart ejects blood only 
during systole, where the systemic circulation operates at a high pressure from the left ventricle (LV) of the heart. It ejects 
blood to the aorta and decreasing size arteries before finally reaching the capillaries in the brain, liver, skeletal muscles and 
other tissues. The presence of a dichrotic notch or incisura at the end of systole (Fig. 2) is due to the slight backflow of blood 
flow from the aorta to the LV which is prevented by the closing of the aortic valve. 
After delivering oxygen and nutrients as well as collecting waste products, blood is returned to the right atrium (RA) 
through the veins during diastole in the pulmonary circulation. Flow continues from the right ventricle (RV) to be pumped into 
the lungs where flow goes back into the LV for the circulation to be repeated. A complete cardiac cycle lasts approximately 
less than a second giving a heart rate of 70 bpm for a normal person at rest which could be doubled during physical or 
emotional exertion. The pressure trends of increasing during systole and decreasing during diastole is similar to a build up and 
drawdown test of an oil well. However, blood flow rate trends in the aorta are the inverse to the production rate of an oil well 
where flow is significant during the systole (buildup) rather than the diastole (drawdown) as in Fig. 2 The veins in the low 
pressure system act as the reservoir function because of its high compliance and large capacity for blood storage while the 
arteries in the high pressure system serve as the supply function 
 
 
Coronary circulation 
Blood supply to the heart depends on the coronary circulation which consists of small arteries and arterioles embedded into 
the heart muscles (Fig. 3). Two coronary arteries arise from the base of the aorta; the right coronary artery (RCA) and left 
coronary artery (LCA), which further branches into the left anterior descending artery (LAD) and the circumflex artery (CX). 
They further branch out into networks of smaller vessels of arterioles and capillaries which form the microcirculation. Due to 
the coronary arteries being embedded around the outer heart muscles, the arteries are subjected to high intramyocardial 
pressure during systole which exceeds the intracoronary pressure causing the arteries to be constricted. Intramyocardial 
pressure is the driving pressure in the LV, PLV, which is higher than the pressure in the aorta which is between 80 mmHg to 
120 mmHg during systolic period. Hence blood flow in the coronary arteries is dominant in the diastolic period (Fig.4). 
 
  
 
 
 
 
 
 
Figure 1: The blood circulation (modified from St 
George’s University of London, 2006) 
Figure 2: Blood pressure and aortic flow rate (modified form Sibernagl and 
Lang, 2010) 
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Blood distribution control 
The control mechanism for blood pressure in the circulation is highly complex and the pressure actively changes depending 
on the momentary metabolic demands of a particular organ (Levick, 2010). Daily life activities such as standing up, exercising 
or entering a room with lower temperature will bring changes to the demands of blood flow to some organs or tissues. In the 
mircrocirculation where Darcy’s law (Eq. 1) can be applied, blood flow can be increased or decreased by changes in the 
perfusion pressure P or in the resistance R of the vessels. 
𝑄 =
∆𝑃
𝑅
             (1) 
 
Aortic stenosis (AS) 
AS is a type of valvular heart disease and has several etiologies which includes degenerative with calcific changes, 
congenital or rheumatic (Fig. 5a). The most common cause is the age degenerative which is prone in adults above 65 years of 
age due to cumulative wear and tear of valve motion.  
The normal opening area of an aortic valve is between 2.5cm
2
 and 3.0 cm
2 
(Fig. 5b). In AS, the aortic valve fails to open 
fully during systolic ejection of blood to the LV. This causes a high flow resistance across the impaired valve which the body 
tries to compensate in the long term by ventricular ejection at a much higher pressure to maintain the cardiac output (CO). As 
the aortic stenosis progresses, the LV wall enlarges (ventricular hypertrophy) in response to the increased systolic pressure. 
Without treatment, it will eventually lead to permanent diastolic and systolic dysfunction and a decrease in the CO which 
ultimately leads to congestive heart failure. 
Early stages of AS are identified with symptoms of angina, a tightness and discomfort of the chest which later progresses 
into losing consciousness when exerted (syncope). The primary method of AS diagnosis is a non-invasive 2D Doppler 
echocardiography. This method is able to localise the level of occlusion and the severity of the stenosis by measuring blood 
velocity. Underestimation errors of 5% or less occur due to unpredictable blood flow direction (Baumgartner et al, 2009). 
Invasive cardiac catherterization method is only elected when the echocardiography results are ambiguous or non-diagnostic. 
AS can be treated by an open chest aortic valve surgery utilising a valve replacement from a mechanical or biological (bovine) 
origin. Less than 1% of AS patients are eligible for valve replacement by transcatheter aortic valve implantation (TAVI) which 
is a new method via catheters without opening the chest. Treatment is often accompanied by a pacemaker implant to correct for 
misplaced heart beats. 
 
 
 
 
 
 
 
 
 
  
Figure 3: Surface view of the heart (Texas Heart Institute, 
2012) 
 
Figure 4: Aortic pressure and coronary flow 
rate (modified from Sibernagl and Lang, 2010) 
Figure 5: (a) Aortic valve when closed (top) and opened (bottom) for normal and diseased conditions (adapted from 
Baumgartner, 2009) (b) Severity classification of aortic stenosis (modified from Swanton, 2003) 
 
(a) 
Fig. 5a 
(b) 
4  Well Test Analysis of Blood Presssure 
Coronary stenosis (CS) 
CS is the leading cause for CVD and is a condition which ultimately leads to heart attack (myocardial infarction). It is a 
condition which progresses from hardening of the vessels (atherosclerosis) due to fatty materials deposit forming a partially 
blocked artery as in Fig. 6b. CS causes a cut off in the supply of blood known as ischemia to the heart muscles (myocardium) 
which are perfused by the coronary arteries. When prolonged, this leads to the death of the muscle tissues. A complete 
blockage can also occur if the plaque buildup thickens further over time (Fig. 6c) and ruptures, motivating blood clots to form 
rapidly. The affected myocardium region dies and heart attack occurs.  
Coronary stenosis is one of the causes for acute coronary syndrome which ranges from unstable angina to non-ST elevation 
myocardial infarction (NSTEMI) for partial occlusion cases, the latter differentiated from the former by the presence of dead 
heart muscle tissues (Lilly, 2007). When symptoms are identified in the early stages, the disorder could be prevented by drugs 
such as aspirin which inhibits the aggregation of platelets. Complete occlusion causing more severe ischemia is shown by ST 
elevation myocardial infarction (STEMI). 
Functional flow reserve (FFR) is the current method in assessing the severity of CS which is based on the pressure drop 
measurements across the stenotic artery. It is defined as the ratio of the maximum blood flow in a stenotic artery to the 
maximum blood flow if the same artery is normal (Pijls and Sels, 2012). FFR is obtained by the ratio of distal coronary 
pressure Pd which is measured distal to the stenosis to the mean aortic pressure Pa measured proximal to the stenosis (Fig. 7). 
The value for Pd and Pa used to determine FFR is taken when adenosine is administered to the patient through intravenous 
methods to induce maximum blood flow. The effect of adenosine which works by relaxing the smooth muscles which reduces 
the resistance in the microcirculation hence improving the blood flow downstream of the stenosis is temporary. Another 
method of severity assessment is by instanstaneous wave-free ratio (iFR) measurement which is similar to FFR except without 
the use of adenosine therefore increasing the applicability to patients who are intolerant to adenosine (Sen et al, 2012). The use 
of FFR or iFR is indispensable to justify making a decision for angioplasty or stenting of the stenotic artery. An FFR value of 
<0.70 will in due course induce a myocardial ischemia thus requires immediate treatment. In severe cases where stenting will 
not resolve the impaired blood supply, coronary bypass surgery is performed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Haemodynamics 
Poiseulle’s law (Eq.2) combined with Darcy’s law (Eq. 1) are used to describe the resistance R (Eq. 3) which a flow in a 
tube such as blood vessel would experience. 
Flow between two measured points with a pressure difference P is denoted as Q. Radius of the blood vessel is r while L is 
the vessel length and µ is the viscosity of the fluid.  
 𝑄 =
∆𝑃𝜋𝑟4
8µ𝐿
             (2) 
(a) Normal (b) Plaque 
buildup 
(c) Plaque may 
rupture and forms 
blood clot 
Partially 
blocked flow 
Blood flow 
Severely 
blocked 
flow 
Cross-section Cross-section Cross-section 
CX 
Stenosis 
LAD 
CX 
Guiding catheter 
Proximal to stenosis, P
a
 
Distal to stenosis, P
d
 
Figure 6: Stages of coronary stenosis (a) Healthy artery (b) Mid stage (c) Late stage (modified from Resverlogix Corporation, 2012) 
Figure 7: FFR measurement (modified from Swanton, 2003) 
Well Test Analysis of Blood Presssure  5 
𝑅 =
8µ𝐿
𝜋𝑟4
            (3) 
The significance of this when applied to a stenotic artery is that the geometric component L/r
4
 dictates the resistance in the 
vessel therefore stenosis effect on the haemodynamics in the vessel depends on the length and the reduction in vessel radius it 
causes (Lilly, 2007). However this can only be used for approximations as flow in a stenosed artery is turbulent and Poiseulle’s 
law is only applicable for steady-state flow in a region of a straight pipe which is a long distance from the flow entrance and 
remote from any bends or constrictions (Caro et al, 2011). 
On the other hand, arterial and venous flow is laminar and more complex, described by unsteady state Navier-Stokes 
equations. Darcy’s law can only be applied for flow in capillaries in the microcirculation where blood flows in a single-file 
(bolus flow).  
 
The cardiovascular circulation as oil wells and reservoir 
The applicability of well test analysis on the cardiovascular system is dependent on the similarities between the circulation 
and an oil well in a reservoir and the similarities are very limited. Other than the systole and diastole being analogous to the 
build up and drawdown of an oil well test, the blood vessels can be considered as a wellbore with well radius corresponding to 
the vessel radius r and the length of the vessel L as the height of the reservoir. The reservoir in the cardiovascular system which 
is represented by the right heart and the branching veins in the pulmonary circulation could also be analogous to a naturally 
fractured reservoir. 
Beyond that, the two systems are completely different. As opposed to rigid cemented cylindrical wells, blood vessels are 
distensible and are able to expand and contract during high and low pressure respectively. Secondly, permeability which is 
defined as the ability of fluid to flow in a porous media could not be exactly related to blood flow in a vessel where porous 
media is absent. Where flow from an oil reservoir is assumed to be radial towards the wellbore, flow into the aorta or coronary 
arteries is from one direction, that is, the heart. The most siginificant difference is that blood is constantly recirculated in the 
cardiovascular system. 
 
Methodology  
 
Aspects of data acquisition 
Catheters and wires. Blood pressure and flow velocity measurements are made by an invasive method, cardiac 
catherterisation. Fig. 8 shows the equipment used, named as Combowire which is developed by Volcano Corporation 
consisting of a catheter with a pressure transducer at the tip of the catheter which measures pressure by Doppler ultrasound. 
Guided by x-ray imaging of the radiopaque coil, the catheter is inserted from the femoral artery in the leg into the appropriate 
vessel to measure pressure in mmHg. The highest velocity of the blood flow is recorded by the flow sensor as U in cm/s. 
 
Figure 8: Pressure and flow measuring equipment (adapted from Volcano Corporation, 2012) 
 
Aortic stenosis. Data from six patients diagnosed at St. Mary Hospital London with age degenerative AS were obtained. Each 
patient underwent invasive cardiac catheterisation before and after TAVI and in each circumstance, with the heart rate at an 
intrinsic condition and with a pacemaker set at 90 bpm. The lack of a dichrotic notch is clearly observed in the pre-surgery 
pressure data indicating the impaired function of the aortic valve. Well test analyses are performed on the pre-TAVI cases at 
intrinsic heart rate and are named ASU, ASV, ASW, ASX, ASY and ASZ. The AS jet velocity is measured, which is the 
maximum systolic velocity across the narrowed aortic valve. 
Coronary stenosis. Similarly, six diagnosed CS cases from St. Mary Hospital London with known stenosis locality in the 
coronary circulation through angiography underwent further cardiac catheterisation to assess the severity of the disorder. 
Catheters measured distal coronary pressure Pd and velocity U with the patients at rest and then when adenosine doses were 
administered into the stenotic artery. Simultaneously, the mean diastolic aortic pressure Pa which is used in determining the 
severity of the stenosis by FFR readings is measured. Three cases are located in the LAD (cases CSA, CSE and CSF), two in 
the CX (cases CSC and CSD) and one in the RCA (case CSG). The cases tested in this thesis were taken from the period before 
adenosine is injected when the pressure and velocity trends are in effect of the disease. 
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AS data processing 
Clinical data as it is cannot be analysed by well testing softwares because blood flow rates are not completely zero during 
diastole and is measured indirectly from blood flow velocity. Due to the sensible parameters obtained by the methodology 
proposed by Glebova (2011), methods used to process the current data are adapted from her work with additional steps to 
obtain rates which could represent the flow in the diseased condition as accurately as possible.  
Since the AS jet velocity is measured across the narrowed aortic valve opening, a normal diameter of the blood vessel d 
cannot be used to convert the velocity to rates (Eq. 4 and Eq. 5) as it would produce overestimated values. An effective 
diameter de is required to estimate the size of the jet-like flow in AS. For each patient, an average flowrate Q is calculated by 
the product of the average velocity Upost and the cross-sectional area of normal aorta A from data measured after TAVI 
surgery (Eq. 6) where a normal aorta diameter d can be assumed when the valve implant is opening normally. Using Q and 
the average velocity from the data measured before the TAVI surgery Upre, the reduced area of the valve opening Ar can be 
obtained which in turn is used to calculate the effective diameter de (Eq. 7). 
Qi corresponds to the highest Qmeasured for a dataset. The justifications to shift the rates dictated by Eq. 8 for AS cases is due 
to the inverse relationship between the aortic flow rates to the conventional oil production rate. As opposed to an oil well 
where the initial pressure pi is very high, the pi in a blood vessel in its relaxed state is low. During a well production, the output 
pressure signal p is the difference between pi and the pressure pw(t) at an elapsed time t as in Eq. 9. The opposite is for the 
aorta where output signal p is the difference between pw(t) and pi (Eq. 10). 
 
A summary of the process are as the following: 
STEP 1 Reduction of small scale noises in MatlabR2010 using moving average method for smoothing pressure and 
‘lowess’ method for velocity 
STEP 2  Pressure unit conversions from mmHg to psi (Conversion factor = 0.0194) 
STEP 3  Calculate the effective vessel diameter de using Eq. 5, Eq. 6 and Eq. 7 
STEP 4  Convert velocity U in cm/s to rate Q in m
3
/s by Eq. 4 using de from STEP 3 
STEP 5  Rate unit conversions of m
3
/s to stb/d (Conversion factor = 5.4105) as in Fig. 9a 
STEP 6  Shifting of rates using Eq. 8 shown in Fig. 9b 
STEP 7  Setting rates to 0 for identified build up (systole) flow periods using MS Excel (Fig. 9c) 
𝑄 = 𝑈 × 𝐴              (4) 
𝐴 =
𝜋𝑑2
4
             (5) 
〈𝑄〉 = 〈𝑈〉𝑝𝑜𝑠𝑡𝐴 = 〈𝑈〉𝑝𝑟𝑒𝐴𝑟            (6) 
𝐴𝑟 =
𝜋𝑑𝑒
2
4
              (7) 
𝑄𝑠ℎ𝑖𝑓𝑡𝑒𝑑 = 𝑄𝑖 − 𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑              (8) 
𝑂𝑖𝑙 𝑤𝑒𝑙𝑙         𝑝 = 𝑝𝑖 − 𝑝𝑤(∆𝑡)            (9) 
𝐴𝑜𝑟𝑡𝑎             𝑝 = 𝑝𝑤(∆𝑡) − 𝑝𝑖            (10) 
 
 
 
  
Figure 9: Rate modification process (a) original rate with units converted Qmeasured, (b) shifted rates Qshifted and (c) buildup rates set to 0 
Well Test Analysis of Blood Presssure  7 
CS data processing 
Similar to AS cases, the data processing is summarised as the following: 
STEP 1 Reduction of small scale noises in MatlabR2010 using moving average method for smoothing pressure and 
‘lowess’ method for velocity 
STEP 2  Pressure unit conversions from mmHg to psi (Conversion factor = 0.0194) 
STEP 3  Convert velocity U in cm/s to rate Q in m
3
/s by Eq. 4 and Eq. 5  
STEP 4  Rate unit conversions from m
3
/s to stb/d (Conversion factor = 5.4105) 
STEP 5  Setting rates to 0 for identified build up (systole) flow periods using MS Excel 
Eq. 4 is used for velocity to rate conversion in step 3 because the velocity is measured distal to the stenosis which means a 
normal vessel diameter can be assumed. No shifting is required to the coronary flow where the rates are naturally similar to that 
from an oil well, being dominant during the diastolic (drawdown) period. 
 
Data downsampling 
Data filtering on cases with more than 1500 flow periods is required to be able to use TLSD which has a limit on the number of 
input datapoints (TLSD is a well test deconvolution software developed at Imperial College). This was done in the previous 
theses by combining flow periods. In MS Excel, data are filtered by picking the nth point where n varies from 3 up to 8 for 
cases with larger number of datapoints. Fig. 10 shows an example of a down sampled data of case CSE illustrating the 
preservation of the shape and peaks of the flow rate. 
 
Process of well test analysis 
For a period of well test, the change in pressure p and the pressure derivatives p’ calculated by Eq. 11 are plotted on a log-
log plot with elapsed time t on the horizontal axis. The resulting pressure derivatives can be used for conventional well test 
analysis. Deconvolution on the other hand is a method to process pressure and rate data to obtain more pressure data to 
interpret with conventional techniques (Gringarten, 2010), (Fig. B-1, Appendix B). 
∆𝑝′ =
𝑑𝑝
𝑑𝑙𝑛∆𝑡
= ∆𝑡
𝑑𝑝
𝑑∆𝑡
           (11) 
A well test analysis process occurs in three stages. The first step is to identify a model of the reservoir which gives a behaviour 
identical to that of the actual reservoir. Interpretation models are made of several components which exhibit different 
characteristics at different time of the response (Gringarten, 1986). The early times, middle times and late times are the 
different periods of the responses which corresponds to the near wellbore effects, reservoir behaviour and boundary effects 
respectively (Fig. B-2, Appendix B). In well testing software called Interpret 2010, the model which is seen as the red lines 
(Fig. 16, 21 and 22), is generated after selecting diagnostic components (Fig. B-3, Appendix B) and matching them to the 
pressure derivatives in the appropriate times. Secondly, from the selected interpretation model, parameters are calculated by 
analytical or numerical methods. If information about the actual reservoir is known, the parameters of the model are adjusted to 
give the same quantitative response as the actual reservoir while at the same time, providing the same qualitative (shape) 
response (Gringarten, 2008). Interpretation method using log-log plot of pressure change p and pressure derivatives p’ is 
combined with another interpretation method, the Horner analysis, which is a straight line analysis.The same interpretation 
model used on both types of analysis must produce the same parameter values (Gringarten, 2008). The final step is the 
verification of the interpretation model which is done by checking the consistency between the behaviour and parameters 
shown by well test analysis with information known about the actual reservoir such as from geological, geophysical or 
petrophysical data which in the case for this research, information about the cardiovascular system. 
 
Deconvolution 
Deconvolutions of different single and pair build ups as well as on the entire pressure history are performed to confirm an 
initial pressure pi where the correct pi would yield the same deconvolved derivative (Levitan et al, 2004). Deconvolution also 
converts variable rate into unit rate pressure drawdown with duration equal to the total of the test (Gringarten, 2010). The 
corresponding pressure derivative which is normalised to a unit rate can then be analysed in a conventional well test analysis. 
The resulting model could then be applied to the original pressure data which is deconvolved in Saphir. 
Deconvolution of the entire pressure history was done using Kappa Engineering software Saphir using the pi obtained from 
TLSD. A general well diameter which is equivalent to the diameter of the blood vessels is assumed to be 2 cm and 4 mm for 
the aorta and coronary arteries respectively. The remaining well input parameters (Table 1) are adapted from previous work by 
Glebova (2011). The objective is to produce results comparable to a normal circulation and because diseased conditions are 
difficult to quantify accurately and is unethical to be obtained through invasive methods without medical reasons. Blood 
viscosity ranges from 3.5 cP to 4.0 cP however a lower value of 2.76 cP is used to yield sensible well test parameters. The 
resulting deconvolved pressure change p and pressure derivatives p’ are compared with the interpretation model from 
Interpret. Downsampled data were also deconvolved in Saphir to investigate the effects of downsampling on the resulting 
derivative pattern. Fig. 11 shows case CSE as the example where no significant difference is seen which verifies the method. 
The effect of downsampling on deconvolution is also tested for all other CS cases (Appendix C). 
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       Table 1: Well input parameters 
Properties Aorta Coronary artery 
Well radius rw, ft 0.033 0.0066 
Pay zone h, ft 5 0.33 
Porosity  0.9 
Viscosity µ, cP 2.76 
Density ρ, kg/m
3
 1050 
Compressibility ct, 1/psi 0.066 
Formation volume factor B, bbl/stb 1 
Temperature T, °F 98.6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results and Discussion 
 
AS results 
Deconvolution (Saphir) 
The quality of deconvolution is determined from the match between the pressure history and the reconvolved pressure (Fig. 
12). Good match are obtained for datasets ASW, ASX, ASY and ASZ, with difference in the range of ±20% between the given 
pressure and reconvolved pressure (Appendix D). Two cases, ASU and ASV exhibit poor deconvolution quality as seen from 
the reconvolved pressure which deviates significantly from the clinical pressure history due to the variation in the mean 
pressure as in case ASU or in the mean rate as in case ASV. This implies that well test analysis of blood pressure is limited to 
clinical data that is free from irregularities in the mean pressure or rate. Pessure derivative patterns from these two cases are 
therefore unreliable and excluded from further analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Case ASW (b) Case ASX (c) Case ASY 
(d) Case ASZ 
(e) Case ASU 
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(f) Case ASV 
p 
p’ 
Figure 10: Original rates compared with downsampled rates of 
coronary stenosis dataset CSE 
Figure 11: Effect of downsampling on deconvolution 
dataset CSE  
Figure 12: Pressure history compared with reconvolved pressure for AS cases 
p’ 
p 
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From the log-log plot of p and p’ from deconvolution of the remaining cases, two recurring derivative patterns are 
obtained as in Fig. 13 and Fig. 14. The derivative from deconvolving aortic dataset Ao_00 from a healthy person is also 
provided in Fig. 15 to compare with the current research results. Generally, there is a lack of radial flow stabilisations in the 
derivatives for the identification of the beginning and end of early times, middle times and late times. For the purpose of the 
analysis of the derivative shapes, early times is referred to the first slope of the derivative and late times corresponds to the 
shape after t = 1 s. The first pattern in Fig. 13 exhibits a wellbore storage with skin and a positive slope at late times. Fig. 14 
shows the second derivative pattern also with wellbore storage and skin with an apparent constant pressure boundary at late 
times. A constant pressure boundary in a reservoir shows as a late time downward trend on the derivative and could be due to a 
gas cap or a strong aquifer support. The relation of this to the cardiovascular system is yet unknown. From both patterns, 
middle times show a homogeneous reservoir behaviour which is as predicted. 
It is clear that the pattern in Fig. 13 has not been encountered before in well test analyses of oil wells therefore there are no 
existing well models to explain the behaviour of the derivatives. Although the pattern in Fig. 14 has been seen before in oil 
well tests, the software is unable to generate an interpretation model corresponding to the p and p’ in the log-log plot. 
Hence, interpretation of well test analysis parameters relies on the results obtained from the unit rate pressure drawdown 
analysis. The positive observation from these resulting patterns to the research objectives is that both patterns differ from the 
derivative pattern yield from a healthy person (Fig. 15a) in terms of shape and magnitude.  
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Figure 13: Pressure history compared with reconvolved 
pressure from deconvolution (Saphir). Dataset ASW and ASX 
Figure 14: Pressure history compared with reconvolved pressure 
from deconvolution (Saphir). Dataset ASY and ASZ 
Figure 15: p and p’ from deconvolution of aortic dataset Ao_00 (a) entire pressure history from Saphir (b) Unit rate drawdown from 
Interpret (adapted from Glebova, 2011) 
p’ 
(a) (b) 
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Deconvolution (TLSD and Interpret) 
The results for well test analyses on unit rate drawdowns yielded similar results for all the AS cases (Appendix E) for 
which interpretation model is consistent. Case ASZ is discussed here as the example case. Convergence of the derivatives 
deconvolved from different flow periods is achieved in TLSD as in Fig. 16a.  
Conventional analysis on the resulting derivative in Interpret 2010 suggested a behaviour similar to a well with changing 
wellbore storage in a homogeneous reservoir with a constant pressure boundary verified by consistent match in the log-log plot 
(Fig.16d), pressure history (Fig. 16e) and Horner plot (Fig. 16f). In an oil or gas well, a decreasing wellbore storage is due to 
the change in compressibility as wellbore storage is defined as the product of compressibility ct and wellbore volume V 
(Appendix B). In the cardiovascular case, the change in wellbore storage might be due to the distensibility of the aorta. At high 
pressure during systole, the aorta expands. The aorta constricts when the pressure falls to ensure that flow rate does not 
immediately reduce to zero during diastole. Hence the aorta has the ability of storing blood during systole and releasing the 
blood during diastole which could be the reason for the changing wellbore storage model in the early times. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Resulting well test parameters from the aortic stenosis cases are summarised in Table 2. Although the clinical evaluation of 
the stenosis cases is unaccessible for this research, the severity of the stenosis in each patient is estimated from comparing the 
effective diameter de of the flow with the diameter of a normal opened valve which is estimated to be 2.5 cm. Therefore, case 
ASX is the most severe whereas case ASZ and ASY appears to be severe stenosis as well as there is a reduction of more than 
50% in the area of opening valve. ASW appears to be a mild stenosis, however since all the cases undergo TAVI it has to be a 
severe stenosis which may have been clearly seen in the results from angiography.  
In a well, positive skin is an indication of the presence of a restriction to flow at the interface between the reservoir and the 
wellbore which produces an additional pressure drop pskin (Van Everdingen and Hurst, 1949) which could be related to AS, 
where calcified valve restricts blood ejection during systole therefore producing additional pressure drop. It is sensible to 
predict that there is correlation between the skin and the severity of the aortic stenosis where higher skin corresponds to 
increasing severity of the stenosis however this is not the case as can be seen from Table 2 and 3 that case ASY which is a 
severe stenosis, has the lowest skin factor than the other cases. However, skin factors for diseased conditions are clearly much 
higher compared to normal blood pressure (case Ao_00). It is possible that a threshold value which when exceeded will 
indicate the presence of a degenerating aortic valve could be determined if a higher number of cases for both normal and 
diseased data are tested. 
Approximately 5l/min of blood flows through the aorta approximately for a person of 70 kg in weight. Aortic stenosis is 
prone in adults especially in females above 65 years of age who are likely to have smaller physique. Therefore it is not unusual 
to expect lower blood volumes in these cases. The higher wellbore storage coefficient C1 is used to estimate the volume of 
blood in the aorta. A wide range of the blood volume is obtained, case ASX and case ASW seems to yield underestimated and 
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Figure 16: Deconvolution analysis of aortic stenosis case ASZ (a) Deconvolution of single and pair build ups in TLSD 
(b) Interpretation model (c) Unit rate pressure drawdown (Interpret) (d) Log-log match of p and p’ with interpretation model 
(e) Match between pressure history and interpretation model (f) Horner match 
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overestimated aortic volume respectively. Case ASZ has the closest volume to that obtained by Glebova (2011) from a normal 
aorta. It is probable that the lower wellbore storage coefficient C2 corresponds to the volume of blood in the aorta during 
diastole period. 
Conclusions cannot be drawn because volume of blood can vary from person to person according to their weight and health 
condition and extensive data of the patients in order to make deductions are unavailable.  
 
Table 2: Parameter results from unit rate drawdown analysis of pre-TAVI aortic stenosis 
Parameter Units ASW ASX ASY ASZ Ao_00 (normal) 
pi psi 1.85 2.55 3.4 1.45 2.4 
pi mmHg 96 130 180 75 120 
k mD 1.5E+7 4.4E+5 2.4E+5 5.6E+6 4.1E+5 
C1 bbl/psi 6.1E-4 1.7E-5 1.6E-4 3.2E-4 3.7E-4 
C2 bbl/psi 1.9E-4 4.0E-6 1.7E-4 2.3E-5 
 
S  1700 1600 61 1500 4 
V1 ml 1500 40 380 760 890 
V2 ml 450 9 410 50 
  
 
Table 3: Effective diameter and mean flow rate of pre-TAVI aortic stenosis cases 
 
 
 
 
 
 
CS results  
Deconvolution (Saphir) 
Fig. 17 shows the match between the original pressure data with the pressure which is generated from deconvolved 
derivatives for the six coronary stenosis cases. All cases yield a satisfactory match with the actual pressure data except for case 
CSC but it is still acceptable for analysis. The percentage difference between the measured pressure and reconvolved pressure 
is in the acceptable range of ±20% (Appendix D). The resulting derivatives are shown in Fig. 18 and Fig. 19. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Parameter Units ASW ASX ASY ASZ Ao_00 (normal) 
de  cm 2.2 0.5 1.7 1.5 2.5 
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Time (s) 
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(d) Case CSG (f) Case CSE (e) Case CSC 
Figure 17: Pressure history compared with reconvolved pressure from deconvolution using Saphir for CS cases 
12  Well Test Analysis of Blood Presssure 
Derivatives from cases CSA, CSD, CSF and CSG superimposed on each other in Fig. 18 form one type of a possible signature 
derivative pattern. The pattern is characterised by three distinctive “humps” with a slope of varying degree at the end of the 
shape of the derivatives. The second type of possible signature derivative pattern is from the derivatives from case CSC and 
CSE which has a similar pattern of two characteristic “humps” and a negative slope at late times. 
In the previous year, well test analysis on healthy coronary artery dataset CX1 has assumed that behaviour shown in middle 
times is due to instability in derivative, however in the derivatives seen in Fig. 18 and Fig. 19, the “humps” are more distinctive 
and recurring indicating that it is a characteristic pattern rather than a noise effect. Both patterns do not correspond to any 
existing models of flow regimes therefore model interpretation is not possible.   
 
        
A normal coronary artery dataset CX1 was also deconvolved using the same methods to process the diseased cases, where the 
difference between the same dataset processed with Glebova’s method is shown in Appendix F. Fig 20a and Fig. 20b illustrate 
the derivatives obtained by deconvolution of the entire pressure history and the unit rate pressure drawdown analysis 
respectively for CX1.  The apparent difference with the diseased pressure derivatives in Fig. 18 and Fig. 19 is the pressure at 
which the late times behaviour starts (approximately at t=5 s) which is 0.001 psi for CS cases and 1E-7 for case CX1. 
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Figure 18: p and p’ for datasets CSA, CSD, CSF and CSG Figure 19: p and p’ for datasets CSC and CSE 
Figure 20: p and p’ from deconvolution for healthy coronary dataset CX1 (a) entire pressure history (Saphir) (b) Unit rate drawdown 
(Interpret) 
(a) (b) 
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Deconvolution (TLSD and Interpret) 
All the CS cases yielded derivative patterns with a wellbore storage and skin in a homogeneous reservoir with constant 
pressure boundary. Two types of wellbore storage were obtained; a constant wellbore storage given by cases CSD (Fig. 21), 
CSE and CSG (Appendix G) and a changing wellbore storage given by cases CSA (Fig. 22), CSC and CSF (Appendix G).  
 
Constant wellbore storage model 
An example case CSD is shown in Fig. 21 to represent the constant wellbore storage cases where consistent match is 
obtained between the interpretation model and the pressure data. The significance of an infinite acting reservoir in an oil well is 
the absence of a boundary or that the test is not long enough to see the effects of a boundary. There is no direct physical 
relationship of an infinite lateral extent reservoir to the coronary arteries in the heart where coronary arteries further branches 
into the microcirculation into the heart and hence termed as “end-arteries”. Considering this with the existing models for flow 
regimes in the late times, a boundary behaviour with positive slope at late times is more likely to be expected. However, since 
this is not the case, the effect is perhaps due to the behaviour of flow in the microcirculation which an analytical investigation 
might be able to explain. The derivative pattern as in Fig. 21d is similar to the derivative pattern obtained from a healthy 
coronary artery as in Fig. 20b therefore well test analysis using unit rate pressure drawdown  does not seem to be be useful in 
distinguishing between healthy and diseased coronary artery data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Changing wellbore storage model 
Case CSA is taken as the example case to display the changing wellbore storage behaviour model interpretation which 
gives a consistent match with p and p’ in the log-log plot in Fig. 22d, the pressure history in Fig. 22e as well as the Horner 
plot in Fig. 22f. The same early time behaviour was also observed in case CSE and CSG. Coronary arteries are also distensible 
although it does not store blood during systolic pressure like the aorta does. Therefore the behaviour of changing wellbore 
storage might be due to the changing size of the coronary arteries during systolic and diastolic period or perhaps due to the 
change in compressibility as a result of atherosclerosis. This is because as compressibility is estimated from the distensibility of 
artery, a change in elasticity of the artery due to atherosclerosis might reduce the wellbore storage. The extent of 
atherosclerosis affecting an artery varies, therefore the change in compressibility is difficult to estimate even by clinical 
methods. Similar to the case with constant wellbore storage, the derivative patterns given by this analysis appears not to be 
useful to distinguish diseased cases from healthy cases as the pattern is not very different from the normal coronary artery case 
CX1 as in Fig. 20b. 
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Figure 21: Deconvolution analysis of coronary stenosis case CSD (a) Deconvolution of single and pair build ups in TLSD 
(b) Interpretation model (c) Unit rate pressure drawdown (Interpret) (d) Log-log match of p and p’ with interpretation 
model (e) Match between pressure history and interpretation model (f) Horner match 
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Parameters obtained from the unit rate pressure drawdown analyses are summarised in Table 4. Table 4 also include the 
FFR and iFR values which are all above 0.75 meaning that the pressure drop in all the CS cases is not very significant. 
However the skin factors yielded by the analyses turn out to be very high. There is no correlation found between the skin and 
the FFR or iFR values. 
Darcy’s law incorporating the permeability of a fluid is given by Eq. 12. The previous work by Glebova (2011) compared 
this equation to the Darcy’s law of flow in a blood vessel (Eq. 1) to obtain the permeability in the vessel which is expressed as 
Eq. 13. If this relationship is true, it would mean that resistance in the coronary arteries are constant since the permeability of 
the different cases are approximately within 1106mD (Table 4). In reality, the resistance in the coronary vessels is always 
regulated according to the myocardial demands by the control mechanism of the body therefore direct relationship between 
Darcy’s law of of flow in a blood vessel to the Darcy’s law of permeability of a reservoir fluid should not be assumed. 
𝑄 =
kA∆𝑃
µL
             (12) 
𝑘 =
µ𝐿
𝑅𝐴
            (13) 
Table 4: Parameter results from unit rate drawdown analysis of coronary stenosis and FFR/iFR values derived clinically 
Parameter Units 
Changing wellbore Constant wellbore 
CSA CSC CSF CSD CSE CSG CX1 (normal) 
pi psi 3.05 3.6 3.2 2.45 3 3.1 2.25 
k mD 9.8E+5 1.2E+6 1.1E+6 1.1E+6 9.4E+5 1.0E+6 1430 
C1 bbl/psi 3.9E-6 2.1E-6 5.1E-6 1.9E-6 1.1E-6 2.4E-6 6.30E-7 
C2 bbl/psi 8.1E-7 2.2E-7 4.1E-6 
 
  
 
V1 ml 9.4 5.0 12.0 4.6 2.7 5.8 2 
V2 ml 1.9 0.5 9.9 
    
S 
 
2000 240 440 1100 1430 840 3.5 
FFR 
 
n/a 0.83 0.78 0.91 0.84 0.82 1 
iFR 
 
n/a 0.86 0.97 0.98 0.93 0.95 1 
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(a) TLSD 
(d) p and p’ match (e) Simulation match (f) Horner match 
(b) Interpretation model (c) Pressure history 
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Figure 22: Deconvolution analysis of coronary stenosis case CSA (a) Deconvolution of single and pair build ups in TLSD (b) 
Interpretation model (c) Unit rate pressure drawdown (Interpret) (d) Log-log match of p and p’ with interpretation model (e) Match 
between pressure history and interpretation model (f) Horner match 
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Conclusions  
Well test analysis on blood pressure and rate data from patients with cardiovascular diseases is proposed to investigate the 
possibility of producing derivative patterns which could be used to distinguish diseases from healthy conditions, distinguish 
one disease from another or in increasing qualitative or quantitative knowledge of the disease. Two cardiovascular diseases 
tested were aortic stenosis and coronary stenosis which could potentially yield unique derivative patterns as the progression of 
the diseases causes blood pressure and rate to be different from normal conditions. 
Two ways of producing pressure derivatives from clinical data were performed. The first is by deconvolution of entire 
pressure history in Saphir. The second from the unit rate pressure drawdown which is normalised from variable rate data by the 
deconvolution of the entire pressure history in TLSD. From the first method, one possible signature derivative pattern is 
obtained from aortic stenosis cases and two for coronary stenosis cases. The patterns are different from any existing well 
models and from normal healthy conditions. From the second method, aortic stenosis yielded one type of derivative pattern and 
for coronary stenosis, two types of derivative patterns are produced with the difference being the wellbore storage behaviour. 
The resulting patterns were similar to oil well models and to normal conditions therefore it is possibly not useful in 
distinguishing diseases. 
For the cardiovascular system, permeability cannot be calculated from Darcy’s law because of the actively changing 
resistance in blood vessels and due to the different flow behaviours of blood in different types of blood vessels which are 
mostly non-Darcy flows. In overall, the observation of derivative patterns from the first method being different from normal 
conditions is a positive indication for well test analysis as an investigative tool for cardiovascular diseases. 
 
Recommendations for further work 
The derivatives obtained from the aortic stenosis and coronary stenosis appears to yield two possible different types of patterns 
for each disease. The number of cases tested for each disease is insufficient to confirm the ability of well test analysis to yield 
signature derivative patterns defining the type of disease. There is a need to test a higher number of cases which could be aided 
by the introduction of Matlab or other programming coding that is able to automatically process the rates to mimic rates 
corresponding to the build ups and drawdowns in an oil well, to eliminate the time consuming aspect of the research which is 
modifying the data to be recognisable for well testing softwares. 
Applicability of the well testing models which are used for oil wells to the cardiovascular system is limited due to the 
differences in the system of an oil well to the complex cardiovascular system therefore analytical models that could represent 
these differences will improve well test analysis interpretation. The key difference to be developed into analytical models 
would be the recirculation of blood in the cardiovascular system. If this is possible, well test parameters representing the 
cardiovascular system could be obtained. Subsequently, any correlations between the parameters and clinical evaluations of the 
diseased conditions could be established. Only then that extension of applying well test analysis to other diseases such as 
hypertension could be considered.  
 
Nomenclature 
A Cross sectional area of blood vessel (m
2
) 
AS Aortic stenosis 
 Change in a given factor 
B Formation value factor 
bbl Barrels (volume at reservoir conditions) 
bpm Beats per minute 
CO Cardiac output 
CVD Cardiovascular diseases 
cP Centipoise 
CS Coronary stenosis 
ct Total compressibility (psi
-1
) 
CX Circumflex artery 
d Diameter of blood vessel (cm) 
de Effective diameter of blood flow (cm) 
D Day 
Eq. Equation 
FFR Functional flow reserve 
Fig. Figure 
ECG Electrocardiography 
h Reservoir thickness (ft) 
iFR Instantaneous wave-free ratio 
k permeability (mD) 
l Litres 
L Length of blood vessel (ft) 
LA Left atrium 
LV Left ventricle 
LAD Left anterior descending artery 
mD milliDarcy 
ml millilitres 
mmHg Millimetres of mercury 
 Porosity 
P Pressure difference (mmHg) 
p Pressure change (psi) 
p’ Pressure derivative (psi) 
pw(t) Pressure at an elapsed time t (psi) 
p Pressure (psi) 
Pa Mean aortic pressure 
Pd Distal coronary pressure 
pi Initial pressure (psi) 
psi Pounds per square inch 
 Density (lb/ft3) 
Q Blood flow rate (bbl/D) 
Q Mean flow rate (stb/D) 
r Radius of blood vessel (ft) 
R Resistance in vessel (mmHg.min/l) 
RA Right atrium 
RV Right ventricle 
RCA Right coronary artery 
S Skin factor 
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stb Standard barrels (volume at surface) 
T Temperature (°F) 
t Time (s) 
TAVI Transcatheter aortic valve implantation 
U Blood flow velocity (cm/s) 
U Mean flow velocity (cm/s) 
µ Viscosity (cp) 
V Blood volume (ml) 
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Appendix A: Literature Review 
 
Table A-1: Milestones in Well Test Analysis of Blood Pressure Study 
Paper no. Year Title Authors Contribution 
Imperial College 
MSc Petroleum 
Engineering Thesis 
2009 Well Test Analysis of 
Blood Pressure 
Mukhtar 
Sargaskayev 
Initial attempt at interpreting blood 
pressure using well test analysis. 
Suggested that blood pressure 
behaves as vertical wells but late 
time behaviour is uncertain and no 
parameter were concluded. 
SPE 134534 2010 Practical Use of Well Test 
Deconvolution A.C. Gringarten 
A new tool to obtain more data for 
interpreting well test results with 
conventional methods by 
deconvolution which transforms 
variable rate data into one constant 
unit drawdown with duration equal 
to the original test. 
Imperial College 
MSc Petroleum 
Engineering Thesis 
2010 Well Test Analysis of 
Blood Pressure Shari Channa 
Verification of M. Sargaskayev 
(2009) work, supporting a vertical 
well with constant pressure 
boundaries behaviour. However 
early time behaviour was uncertain 
and unrealistic volumes of wellbore 
storage (blood volume) were 
obtained from mathematical 
modellling. 
Imperial College 
MSc Petroleum 
Engineering Thesis 
2011 Well Test Analysis of 
Blood Pressure 
Anzhela 
Glebova 
Further verification of S. Channa 
(2010) work, successfully obtaining 
sensible well test parameters by 
using rate alteration instead of 
pressure. Also confirmed the 
vertical well with constant pressure 
boundaries behaviour. 
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SPE 134534 (2010) 
Practical Use of Well Test Deconvolution 
Authors: Gringarten A. C. 
Contribution to the understanding of well test analysis of blood pressure: 
Detail methodology and process of performing deconvolution which transforms variable rate data into a constant 
initial drawdown with duration equal to the total duration of the test. This results in more pressure data to interpret 
with conventional methods as well as exposing all flow regimes dominating the test. 
Objectives: 
The paper aims are to illustrate cases where deconvolution can be applied, demonstrate deconvolution in these 
examples to expose its benefits, explain methods for verifying results from the deconvolution and clarify limitations 
of deconvolution. 
Methology used: 
For each example case, deconvolution methods based on algorithms were applied on an individual build-up, several 
sets of buildups as well as all of the pressure history which includes all drawdowns. A convolved pressure history is 
then calculated from deconvolved derivative and compared with actual pressure history. A unit rate pseudo pressure 
drawdown can then be generated if an acceptable match is made, and analysed conventionally. The model resulting 
from it is applied to actual pressure history with adapted rates with the model parameters adjusted repeatedly until 
they match. 
Conclusions reached: 
By deconvolving the entire pressure history, two major advantages of deconvolution were concluded i.e. increase in 
the radius of investigation of the well test, and correction of erroneous rates or determination of missing rates. 
Emphasis is made on validating the results from deconvolution, which can be done when actual pressure 
measurements can be reproduced from the deconvolved derivative. 
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Imperial College London MSc Petroleum Engineering Thesis (2009) 
Well Test Analysis of Blood Pressure 
Authors: Sargaskayev M. 
Contribution to the understanding of well test analysis of blood pressure: 
It is the first investigation into the application of a technique conventionally used in the oil industry, well test 
analysis, to interpret blood pressure and velocity data from the cardiovascular system of the human body. 
Objectives: 
The primary objective is to adapt deconvolution methods to blood pressure and velocity data to look for any 
significant behaviour (flow regimes) and parameters. 
Methodology used: 
The experiment employed an invasive hemodynamic measurement known as cardiac catheterization to gain data 
from various positions in the central aorta. Using Kappa engineering software, Saphir, deconvolution methods were 
applied after modifications to the clinical pressure data to resemble pressure from a transient oil well test were 
made. 
Conclusions reached: 
Although no sensible parameters were obtained, the work affirm the applicability of the technique on blood 
pressure data and also suggests that the major arteries behaves as vertical wells with wellbore storage and skin in a 
homogenous reservoir. However, late time behaviour is uncertain. 
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Imperial College London MSc Petroleum Engineering Thesis (2010) 
Well test analysis of blood pressure 
Authors: Channa S. 
Contribution to the understanding of well test analysis of blood pressure: 
The paper demonstrated deconvolution and log-log analysis of various blood pressure data, proposed an 
interpretation model and generate well test parameters from the analysis. It also includes a preliminary well test 
analysis on synthetic data using mathematical models. 
Objectives:  
The objectives of the work are to confirm the precedent findings by M. Sargaskayev and to acquire sensible 
parameters from the well test analysis on aortic and coronary artery as well as to verify the results with synthetic 
data generated from mathematical models developed by J. Alastruey et al (2009). 
Methodology used: 
Using TLSD software, clinical pressure and rate data from the aorta and a coronary artery were deconvolved after a 
simple modification to pressure data to maintain the pressure and rates profiles normally seen in oil well tests. Log-
log analysis was then performed on the unit-rate pressure drawdown using Kappa engineering software Saphir, to 
analyze flow regimes and attain parameters which can agree to the cardiovascular specifications. 
Conclusions reached: 
Proposed that major artery branches near the heart demonstrated behaviour similar to a vertical well in a 
homogenous reservoir with constant pressure boundaries, but early time behaviour was uncertain, giving 
unreasonably high volumes of blood both from the clinical data and the mathematical model. 
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Imperial College London MSc Petroleum Engineering Thesis (2011) 
Well Test Analysis of Blood Pressure 
Authors: Glebova A. 
Contribution to the understanding of well test analysis of blood pressure: 
Well test analysis parameters complementing the cardiovascular system and an interpretation model were obtained 
from the deconvolution and log-log analysis of blood pressure. 
Objectives: 
The objectives are to validate previous work done by S. Channa, and to obtain sensible parameters by analyzing 
aortic, coronary artery and venous clinical data. 
Methodology used: 
Same methodology as practiced by S. Channa was adapted into this paper with a slight alteration. The rates were 
modified instead of the pressure, to convert clinical pressure data into conventional well buildup and drawdown 
profile. 
Conclusions reached: 
This work confirmed the interpretation model of a vertical well in a homogenous reservoir with constant pressure 
boundaries. Reasonable values of wellbore storage (blood volume) and compressibility were obtained however 
permeability and skin has a large variance. Uncertainty analysis was recommended for results to be improved. 
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Pathophysiology of Heart Diseases (2007) 
Ischemic Heart Disease (Chapter 6) & Valvular Heart Disease (Chapter 8) 
Authors: Lilly L. S., Naik H., Sabatinr M. S., Edwards M. M., and O’Gara P. T. 
Contribution to the understanding of well test analysis of blood pressure: 
This book provides qualitative knowledge on the cardiovascular disease being tested with well test analysis which 
is coronary stenosis belonging to the ischemic heart disease category and aortic stenosis which is one of the several 
types of valvular heart disease. Understanding of the diseases could explain well test results. 
Objectives: 
To provide a comprehensive description for each type of diseases, the underlying cause and progression, as well as 
clinical methods for identifying the symptoms and treatment options where applicable. 
Methodology used: 
Coronary stenosis identification is either by angiography or by detecting abnormalities in echocardiographic 
measurement of the heart activity during physical exertion. Aortic stenosis is diagnosed by echocardiography or 
cardiac catherterization to confirm the severeness of the condition. 
Conclusions reached: 
For coronary stenosis, the following are concluded: 
 Blood vessels are narrowed from the combination of atherosclerotic plaques and abnormal regulation of the 
vascular resistance which controls blood flow. 
 It causes the deprivation of the heart muscle from the oxygen it requires. 
 Significance of the stenosis depends on the length and reduction in vessel radius 
 Symptoms varies from mild chest discomfort to chronic stable angina to unstable angina which is tested by 
an exercise testing of the patient 
 Treatment could be medicinal such as aspirin or revascularization 
  
For aortic stenosis, the following are concluded: 
 Developed from age degenerative calcific changes, congenital or from rheumatic fever. 
 Blood flow across aortic valve is impeded which causes pressure overload which in turn causes left 
ventricle of the heart to enlarge. 
 Signs include angina and loss of consciousness during exertion and most severely heart failure. 
 Surgical aortic valve replacement is the treatment for severe cases. 
 
Comments: 
The clinical diagnosis methods given are slightly outdated and mechanics defining disorders are very limited. 
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Appendix B: Well Test Interpretation Process 
 
Objectives: To provide a visual aid to describe well test analysis interpretation process and to describe the changing wellbore 
storage effect in the analysis of early times behaviour seen in both AS and CS cases. 
 
Well Test Interpretation Process 
 
 
 
 
  
Figure B-1: Deconvolution interpretation methodology (adapted from Amudo et al, 2006) 
Figure B-2: Flow diagram describing the process for well test 
analysis interpretation (adapted from Gringarten, 2008) 
Figure B-3: Flow regime log-log derivative shapes (adapted from 
Gringarten, 2008) 
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Changing Wellbore Storage 
 
Changing wellbore storage is distinguished by an initial (C1) and final (C2) storage coefficient. The Hegeman error function is 
used for the changing wellbore storage model and this function is most suitable for decreasing storage associated with gas in 
the completion going back into solution during a build-up (Interpret, 2010). Decreasing wellbore storage (Fig. B-4) indicates 
reducing compressibility. As wellbore storage C is the product of average compressibility cf and wellbore volume V (Eq. B-1), 
reduced cf results in lower C. 
𝐶 = 𝑐𝑓 × 𝑉            (B-1) 
 
  
Figure B-4: Pressure response of a well with a homogeneous behaviour with an infinite lateral extent showing a constant, 
increasing and decreasing wellbore storage (adapted from Interpret, 2010) 
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Appendix C: Downsampling effects on deconvolved derivatives 
 
Objective:  
This section displays the results from running deconvolution of the entire pressure history in Saphir using 
downsampled data compared to using original data to ensure that using reduced number of data points do not have 
significant effect on deconvolution in TLSD and that resulting derivative should be similar. 
The six sets of coronary stenosis cases measured distal without adenosine were tested. The effect is small in 
CSC and CSE. Case CSD, CSF and CSG have the exact derivative shapes and magnitude in the early times but at 
middle to late times differences in deconvolved pressure are seen. Downsampled data in case CSA has the poorest 
match at late times which might be due to software issues. Nevertheless, downsampling method is a better method 
to reduce the number of data points compared to combining flow periods which have a larger effect to the 
deconvolved derivatives (Appendix F). 
 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure C-1: Comparison of deconvolved derivatives using downsampled data and original data for coronary stenosis cases 
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Appendix D: Pressure match 
 
Objective:  
This section displays the match between the original pressure with the reconvolved pressure from deconvolution 
for AS and CS cases. The percentage difference is plotted to show the quality of deconvolution. The difference is 
within ±20% which is an acceptable limit except for case CSC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D-1: Pressure match and pressure difference for AS cases 
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Figure D-2: Pressure match and pressure difference for CS cases 
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Appendix E: AS Results (Unit rate drawdown) 
 
Objective: To display the unit rate drawdown analysis obtained from deconvolution of the aortic stenosis cases 
from TLSD and Interpret which is not included in the main report. 
Case: ASW 
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Figure E-1: Unit rate pressure drawdown analysis of case ASW 
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Case: ASX 
 
 
 
 
Case: ASY 
 
 
 
  
(d) p and p’ match (e) Simulation match (f) Horner match 
(a) TLSD (b) Interpretation model (c) Pressure history 
(a) TLSD 
(b) Interpretation model (c) Pressure history 
(d) p and p’ match (e) Simulation match (f) Horner match 
Figure E-2: Unit rate pressure drawdown analysis of case ASX 
Figure E-3: Unit rate pressure drawdown analysis of case ASY 
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Appendix F: Verification work (CX1) 
 
Objective: To compare the deconvolved derivative obtained using current research method with previous year 
method of preparing the data for deconvolution. 
Cases tested were the blood pressure and rates which are normal denoted as CX1 for measurements taken from a 
circumflex coronary artery. 
 
Case: CX1.  
 
Derivative obtained by Glebova in the previous work, CX1_2011 and the current research result CX1_2012. The 
previous method yielded oversmoothed derivative where vital flow regime behaviors may have been hidden. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Comments: 
The verification of healthy aortic dataset Ao_00 was attempted using the original data however the deconvolution 
of the entire pressure history in Saphir was unsuccessful which might be due to the massive size of the data (>50 
000 flow periods). For this reason, the results obtained by Glebova in 2011 are used for comparing with the current 
research instead. 
 
 
 
  
Figure F-1: Comparison of deconvolved derivatives with different methods of data preparation for CX1 
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Appendix G: CS Results (Unit rate drawdown) 
 
Objective: To display the unit rate drawdown analysis obtained from deconvolution of the coronary stenosis cases 
from TLSD and Interpret which is not included in the main report. 
Case: CSC 
 
 
 
 
Case: CSF 
 
 
 
 
 
  
(a) TLSD (b) Interpretation model 
(d) p and p’ match (e) Simulation match (f) Horner match 
(c) Pressure history 
(a) TLSD (b) Interpretation model 
(d) p and p’ match (e) Simulation match (f) Horner match 
(c) Pressure hist ry 
Figure G-1: Unit rate pressure drawdown analysis of case CSC 
Figure G-2: Unit rate pressure drawdown analysis of case CSF 
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Case: CSE 
 
 
 
 
 
 
 
Case: CSG 
(a) TLSD (b) Interpretation model 
(d) p and p’ match (e) Simulation match (f) Horner match 
(c) Pressure history 
(a) TLSD (b) Interpretation model 
(d) p and p’ match (e) Simulation match (f) Horner match 
(c) Pressure history 
Figure G-3: Unit rate pressure drawdown analysis of case CSE 
Figure G-4: Unit rate pressure drawdown analysis of case CSG 
